Immune responses, both acquired and innate (1) , are balanced between proinf lammatory and antiinf lammatory actions. Some immune regulators such as IL-1␤ mediate both roles, depending on their site of action. Corticotropin-releasing hormone (CRH; ref.
2) also has opposing, site-specific effects; although, traditionally, hypothalamic CRH within the hypothalamic-pituitary-adrenal axis has been considered to be on the antiinflammatory side of this equilibrium, immunoreactive CRH present in peripheral tissues has proinflammatory effects (3, 4) .
To define the relative balance that peripheral CRH and adrenal glucocorticoids exert on the innate immune response, we quantitated the degree of inflammation in normal and CRH-deficient mice (5) after the subcutaneous administration of the seaweed polysaccharide carrageenin (3), a potent activator of the innate immune response (6) . Mice were studied both before and after adrenalectomy, as well as after supplementation with exogenous glucocorticoids (7, 8) . Although adrenalectomy is often employed experimentally to remove the source of endogenous glucocorticoids, this procedure also removes the adrenal medulla. During the course of these studies, we discovered that CRH deficiency unmasks a major proinflammatory effect of epinephrine, the principal catecholamine secreted by the adrenal medulla.
MATERIALS AND METHODS

Materials.
The CRH-receptor-1 antagonist, antalarmin (9) , was a kind gift from G. P. Chrousos (National Institute of Child Health and Human Development, Bethesda, MD). The compound was dissolved in 100% EtOH (100 mg͞500 l EtOH) at 37°C for 5 min and then an equal volume of emulphor (BASF Bioresearch, Mt. Olive, NJ) was added. The stock solution was adjusted with sterile water to a final concentration of 15 mg͞ml. Before carrageenin treatment, mice were administered i.p. either 1 ml of antalarmin solution (30 mg͞kg) or 1 ml of vehicle (controls). Corticosterone plasma levels measured 7 h after the antagonist administration, the peak of the inflammatory response, were similar in antagonist and vehicletreated mice (30.2 Ϯ 5.7 g͞dl vs. 29.3 Ϯ 7.4 g͞dl, respectively). Corticosterone (Aldrich), cholesterol (Sigma), and propranolol (Sigma) were commercially available.
Animals and Experimental Procedures. All animal experiments were approved by the Animal Care and Use Committee of Children's Hospital. Male, wild-type (WT) or CRH deficient (knockout, KO; ref. 5), 8-to 12-week-old, Ϸ30-g mice were used in all experiments. Mice were kept in a 12 h light͞dark cycle (lights on at 7 am) and fed ad libitum. Mice were housed individually for 2 days before induction of inflammation to obtain basal corticosterone levels. Carrageenin-induced acute inflammation was performed as described (3). Briefly, 5 ml of air was injected subcutaneously between the scapulae on day 1. On day 2, 3 ml of 2% (wt͞vol) carrageenin-(Sigma) in 0.9% NaCl was injected in the preformed pouch. Mice were killed 7 h later. The inflammatory exudates were aspirated. Their cellularity was evaluated as an index of the inflammatory reaction. Blood corticosterone was measured by using a commercial radioimmunoassay kit (Incstar, Stillwater, MN).
Adrenalectomy and sham adrenalectomy were performed by the retroperitoneal route under ketamine anesthesia as described (7), 6 days before the induction of inflammation. Corticosterone͞cholesterol or vehicle (cholesterol alone) pellets weighing 35 mg were made as described (8) and implanted subcutaneously to provide constant circulating levels of corticosterone. A 35-mg 10% corticosterone͞90% cholesterol (wt͞wt) pellet implanted in adrenalectomized mice weighing 30-35 g restores circulating corticosterone levels to those normally found in the morning (Ϸ3 g͞dl; ref. 
RESULTS
Acute Inf lammation in CRH Deficiency. To examine the acute inflammatory response in the absence of CRH, we first
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Abbreviations: CRH, corticotropin-releasing hormone; WT, wild type; KO, knockout. *To whom reprint requests should be addressed. e-mail: karalis@ a1.tch.harvard.edu. † Present address: Department of Pediatrics, Washington University, St. Louis, MO 63110. administered carrageenin to WT and CRH KO mice. Although we expected the absence of peripheral CRH to be associated with less inflammation, CRH KO mice had a cellular inflammatory response 50% greater than that of WT mice ( Fig. 1 A, sham) . We reasoned that this finding could be due to the much lower plasma corticosterone concentration in CRH KO mice after the inflammatory stimulus (Fig. 1B , sham) and therefore equalized corticosterone levels between genotypes by adrenalectomy of both groups (Figs. 1B, adx). As shown, adrenalectomy led to a 7-fold fall in the inflammatory response of CRH KO mice, whereas it had no effect in WT mice ( Fig. 1 A, adx) , despite the dramatic fall in their corticosterone levels (Fig. 1B, adx) . Thus, with intact adrenal glands, inflammation in CRH KO mice was more than 50% greater than in WT mice, whereas, after adrenalectomy, inflammation in CRH KO mice was one-third that of WT mice. This result suggested the presence of a proinflammatory factor within the adrenal gland whose effect is unmasked by CRH deficiency. In the genetic model described above, the antiinflammatory effect of CRH deficiency was apparent only in the absence of the adrenal glands. We extended this observation in WT mice by using a pharmacological model of CRH deficiency ( Fig. 1 A,  adx͞CRH antag) . When a CRH antagonist (9) was given to adrenalectomized WT mice, inflammation fell to levels observed in adrenalectomized CRH KO mice. As expected, the antagonist had no effect in CRH KO mice. Thus, pharmacological CRH deficiency, like genetic CRH deficiency, when coupled with adrenalectomy, results in suppression of inflammation. These findings suggested that both WT and CRH KO mice possess a proinflammatory adrenal factor that is unmasked by CRH deficiency.
Proinf lammatory and Antiinf lammatory Adrenal Factors. We reasoned that the proinflammatory factor present within the adrenal gland was unlikely to be a glucocorticoid because of the well known antiinflammatory activity of this class of hormones. Another major hormone of the adrenal gland is epinephrine, the absence of which, we considered, might be responsible for the decreased inflammatory responses observed after adrenalectomy in both CRH-KO and CRHantagonist-treated WT mice. To test this hypothesis, we administered the specific ␤-adrenergic antagonist, propranolol, to both WT and CRH KO mice before they received carrageenin. We found that in both genotypes, propranolol significantly decreased the acute inflammatory response by more than 50% (Fig. 2) . Thus, in WT mice, epinephrine deficiency, via ␤-adrenergic receptor blockade, coupled with an inflammation-induced rise in plasma corticosterone, was associated with a marked decrease in the acute inflammatory response (Fig. 2) , whereas combined epinephrine and corticosterone deficiency (via adrenalectomy) was not ( Fig. 1 A, adx) (3), expressed as percentage of the cellularity of sham-adrenalectomized (sham) WT mice. CRH KO sham had higher cellularity than did WT sham (P Ͻ 0.05). Adrenalectomy (adx) had no significant effect on the cellularity of WT mice, whereas adrenalectomy significantly decreased the cellularity of CRH KO mice to 30% of WT sham (P Ͻ 0.05). Adrenalectomy combined with administration of CRH antagonist (adx͞CRH antag) caused a significant reduction in exudate cellularity (P Ͻ 0.05) in WT mice, similar to that seen in the adx CRH KO group. CRH antagonist had no effect on the exudate cellularity of CRH KO mice. (B) Plasma corticosterone levels at the peak of the inflammatory response. Corticosterone levels of CRH KO sham were significantly lower than those of WT sham mice (P Ͻ 0.05), whereas levels in adrenalectomized mice were equally low in both genotypes.
FIG. 2. Effect of epinephrine on the acute inflammatory response.
Cellularity of the inflammatory exudate after administration of either vehicle or the ␤-adrenergic antagonist, propranolol (propr), in WT (white bars) and CRH KO (gray bars) mice. Propranolol was administered i.p. at a dose of 10 mg͞kg at the time of carrageenin injection. Propranolol reduced (P Ͻ 0.05) the cellularity of the exudate of both WT and CRH KO mice compared with untreated mice of the same genotype. (1999) this difference, we measured the acute inflammatory response in WT mice whose corticosterone levels (19.6 Ϯ 2.3 g͞dl) were maintained at the same high level achieved after carrageenin administration to intact WT mice (23 Ϯ 2 g͞dl). Corticosterone treatment reduced inflammation by Ϸ50% in WT mice with intact adrenal glands (Fig. 3, sham͞cort) . As before, adrenalectomy alone in WT mice had minimal effect on the inflammatory response (data not shown). When corticosterone treatment was combined with adrenalectomy, inflammation was reduced to Ϸ15% that of control WT mice (Fig. 3, adx͞cort) . These data, together with the results obtained after administration of propranolol, indicate that the inflammatory response is regulated by two counteracting adrenal factors: epinephrine, which stimulates the response, and corticosterone, which inhibits it. CRH KO mice with intact adrenal glands treated with the same dose of corticosterone also responded to glucocorticoid administration with a reduction in their inflammatory responses (Fig. 3, sham͞cort) . Interestingly, the degree of inflammation of corticosteronetreated, sham-adrenalectomized CRH KO mice was similar to that of WT sham-adrenalectomized mice not given supplemental corticosterone but higher than that of corticosteronetreated WT mice; however, after combined adrenalectomy and corticosterone administration, the inflammatory response was indistinguishable between the two genotypes ( Figs. 1 A and 3) . The markedly lower inflammatory response of adrenalectomized CRH KO compared with adrenalectomized WT mice ( Fig. 1 A, adx) and the equalization of this response after adrenalectomy coupled with corticosterone supplementation (Fig. 3, adx͞cort) support a proinflammatory role for peripheral CRH in the WT, a role that is apparent with adrenalectomy and masked by concomitant high-level corticosterone replacement.
Synergistic Proinf lammatory Effects of CRH and Epinephrine.
To evaluate the relative stimulatory contributions of CRH and epinephrine to acute inflammation, we performed an additional experiment in which CRH antagonist, ␤-adrenergic antagonist, or both were given to WT mice (Fig. 4) . The antiinflammatory effects of these two antagonists seem additive, with inflammation inhibited most when both antagonists are present and impaired only partly in the absence of one or the other. Because CRH KO mice have epinephrinedependent inflammation (Fig. 2) , CRH is not required for the proinflammatory effect of epinephrine. Because adrenalectomized WT mice have CRH-dependent inflammation in the absence of epinephrine (Fig. 1 A, adx͞CRH antag) , neither is epinephrine required for the proinflammatory effect of CRH.
DISCUSSION
Immunoreactive CRH is expressed in peripheral tissues in several models of inflammation in humans and rodents (3, (10) (11) (12) (13) . The mechanisms involved in the proinflammatory actions of CRH are not known but may include the stimulation of mast cell degranulation (14) , nitric oxide-dependent vasodilatation (15), enhanced vascular permeability (16), leukocyte proliferation, and cytokine release by activated leukocytes (17) . Our results and those of others (9) indicate that these actions of CRH are mediated to a significant extent by a CRH-receptor-1-dependent mechanism (18) (19) , which can also mediate the effects of urocortin, a recently identified CRH-like molecule (20) .
Proinflammatory properties of epinephrine, reversible by ␤-receptor blockade or adrenal medullectomy, have been suggested by other in vivo models of inflammation (21) (22) (23) (24) . However, both immunosuppressive and immunostimulatory effects of catecholamines have been described (25) , with several recent in vitro studies suggesting that catecholamines suppress the release of proinflammatory cytokines (26) (27) . Our data clearly establish the ability of epinephrine to augment the acute inflammatory response in vivo. Moreover, our models of CRH deficiency indicate that CRH largely masks this action of epinephrine. Possible mechanisms for epinephrine's effects include stimulation of neutrophil infiltration (24) , increased capillary permeability by stimulation of kinin release (28) , stimulation of cytokine release (29) , adhesion of leukocytes to endothelial cells (30) , and stimulation of peripheral nerve-mediated inflammatory signals (21) .
Our studies raise the question of whether variation in the endogenous secretion of epinephrine from the adrenal medulla modulates the inflammatory response. CRH-deficient Proc. Natl. Acad. Sci. USA 96 (1999) mice have a low basal epinephrine level associated with decreased expression of phenylethanolamine-N-methyl transferase in the adrenal medulla. § ¶ Despite the low basal level, epinephrine secretion after inflammation increases to levels greater than those of WT mice. § Perhaps this increased epinephrine secretion is responsible for the greater than normal level of carrageenin-induced inflammation found in CRH KO mice even after glucocorticoid supplementation (Fig. 3) , because this inflammation is eliminated following the removal of epinephrine by adrenalectomy. These data indicate that epinephrine and CRH can act independently to stimulate the acute inflammatory response. That blockade of both epinephrine and CRH action is necessary to maximally decrease inflammation suggests that both factors may ultimately act through a common pathway (Fig. 5) . We suggest that CRH and inflammation interact in a positivefeedback, or feed-forward manner, because CRH increases inflammation (3), which leads to the greater production of CRH. Likewise, the relationship between epinephrine and inflammation may be similar, because epinephrine stimulates inflammation, and inflammatory mediators most likely stimulate the further release of epinephrine from the adrenal medulla. Such positive-feedback systems, once activated, would cause a rapid escalation in inflammation, which is one of the characteristics of the innate immune response (31) . Glucocorticoid, stimulated by inflammatory mediators, downregulates the proinflammatory response (32), either by inhibiting the expression of peripheral immunoreactive CRH (33) or through other pathways (34) (35) (36) .
Epinephrine, identified as the hormone of ''fight-or-flight'' in the early part of this century (37) , prepares an organism under duress for emergency action by enhancing cardiorespiratory function and metabolic fuel availability. Because physical trauma is often sustained under these circumstances, anticipatory measures that would enhance wound healing, such as the stimulation of the acute inflammatory response (38) , would be advantageous. Our findings suggest that stimulation of the acute inflammatory response should be included with the other fight-or-flight actions of epinephrine.
We have shown that epinephrine and CRH have additive roles in stimulating the innate immune response to acute inflammation, with the presence of either masking a deficiency in the other. More generally, our findings suggest that directed experimental manipulations in transgenic animals can identify aspects of physiology otherwise masked by complex systems, such as the inflammatory process, even in the presence of compensatory changes resulting from the transgenic state.
